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ABSTRACT U

~~Mathematical models used in design of the XM204,Howitzer -
(AD and ED Prototypes) are described.in this report.~ The physical
basis for the mathematical representation is presented along with
the derivation of the required cquations. While these models have
becen generalized to allow their use in other weapon design situations,
some modification will be necessary to include features not
specifically considered. Systems of equations which will provide
for the definition of required control functions as well as
the prediction of recoil mechanism functioning and weapon motions

are summarized.

FOREWORD

This project was authorized under AMCMS Code 553G.12.42710.01.
The work was funded under DA Project No. 1-W~5-63608-D-376.

Suggestions and requests by the members of the XM204 design
team served as the basis for the mathematical representations
of the weapon and their support is hereby acknowledged.
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INTRODUCT ION

The recoil mechanism of an artillery weapon provides a
controlled resistance to some allowable motion of the recoiling
parts. Consequently, the major portion of the weapon structure
is protected from the total breech force and the ground reactions
are limited. In a conventional recoil cycle, motion is initiated
by application of the breech force, The resisting force may be
provided by deflection of a spring, by fluid flow through
an orifice or by both of these. In the soft-recoil cycle, the
recoiling parts are first accelerated in the directioun of projectile
travel. Application of the breech force (i.e., by ignition of
the propellant primer) is delayed until a predetermined velocity
has been attained. The breech force then reverses the motion of
the recoiling mass and the recoiling parts are returned to their
initial (battery or latch) position. A comparison of conventional
and soft-recoil cycles is shown in Figure 1.

TIME BATTERY (:()"‘/EE'l1r'()'l’\l- FZIE‘:()'.-

SEC POBITION
|
1 e el
0.0 ARSI 2> PULL LANYARD TO FIRE
S RECOIL
o2 MW—= MAXIMUM RECOIL
| — COUNTER RECOIL
2.5 W END OF CYCLE
—
BATTERY 5;()F:1- FttE(:()'l;
POSITION
0.0 I/‘\N\/\;zn PULL LANYARD TO UNLATCH
| —— = RUN-UP
0.3 IN\/\/\/\/\/@:J(—::,_‘:} FIRE
—~— RECOIL
s S ) MAXIMUM OVERTRAVEL-RESET LATCH
-~ - N COUNTER RECOIL
1.4 == END OF CYCLE
~ 4 =

FIGURE 1

Comparison of Recoil Cycles
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Developuwent of a reliable soft-recoil mechanism for modern
artillery began in 1957 with the modification of an M10l1 Howitzer,
105mmn. While evaluation tests of this mouified weapon demonstrated
the feasibility and value of a soft~recoil aystem, mechanism
reliability was unacceptable, (Reference 1), In March 1964,
design and fabrication of an experimental firing fixture having an
improved recoil mechanism was initiated. Extensive firing tests of
this fixture were conducted to confirm feasibility of this weapon
concept, to determine accuracy and durability characteristics, and
to identify and examine functional problems, (References 2 & 3).

In 1968, funding was provided for design and manufacture of a
preprototype howitzer incorporating a soft-recoil me=chanism.
This weapon was designated as the Howitzer, Light, Towed: 105wm,
Soft Recoil, XM204. The major components were the XM205 Cannon,
the X446 Recoil Mechanism, and the XM44 Carriage. Design parameters
for the first prototype were based on firing of the XM606 (28.5 pounds)
projectile with the M85 charge (Zones 3 through 8) and the standard
Ml (33 pound) projectile with the M67 charge (Zones 1 through 7).
Safety Certification Tests were conducted at Aberdeen Proving
Ground in early 1970, Military Potential Tests, performed at
Fort Sill, Oklahoma, were successfully completed in December 1970.
Both standard 105mm howitzers (MIOlAl and M102} were used for
comparison during these tests, Stability, accuracy, and human
engineering characteristics of the X204 were favorably commented
upon by the user. In all, 2,269 rounds were fired from this MPT
weapon with 413 ar the maximum impulse level. (Zone 8).
(References 4, 5, and 6).

Mathematical models of the weapon were developed to aid the design
engineers in establishing and evaluating physical configuration,
structural integrity and functional controls, (Refereunces 7, 8 & 9),
These models were used to verify designs and to systematically study
the effects of parametric variation before selection of specific vaiues.

In the early part of 1972, the design of the XM205 Cannon was
changed to permit test firing of the XM200 supercharge. This longer
and heavier tube was installed on the original prototype. Concurrently,
a new velocity sensor, an improved suspension system, ring spring
assemblies in the elevation strurs, and a relocated firing base were
incorporated, (Referemce 10). With fabrication and installation

of a new cradle, this modified weapon became ar Advanced Development
Prototype.
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Design of the Engineering Development Prototypes that
will be used for DT II/OT II has been initiated. As a result
of the changes in the cannen and the increase in ammunition impulse
levels, new recoil and counterrecoil orifice designs were required
and the effect of carriage flexibility had to be reasseased.
Consequently, the original mathematical models were unodified
to more closely represent the current design configuration. At
the same time, sn atiempt was made to generalize the form so that
minor alterations would allow for their use in the analysis of
future soft-recoil weapon concepts.

CONCLUSIONS AND RECCMMENDATIONS

While the models pregsented in this report were being developed,
the primary considerations were choice of significant motions and
physical characteristics of the weapon. Specific design features
and functional characteristics peculiar to the XM204 Howitzer
have been included to adapt the models to the requirements of the
design team. These models are intended to provide a reasonable
representation of normal firing cycles based on firing of the standard
zoned charges and of abnormal cycles resulting from a cook-off
or from a misfire.

Test plans include the collection of data from the firing of
the Advanced Development Prototype under various conditioms.
Comparison of test data and predicticns obtained from the mathematical
models will provide a basis for model validation. The wodels should
then be used to identify critical design parameters, to define
the effect of parameter variations, and to establish required wvalues
for specific parameters for use in desizn of the Engineering
Development Prototypes,
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RIGID BODY MODEL OF A SOFT RECOIL MECHANISM

padad ® Lol g v-.sy-vw.-“'mm

The schematic diagram of the soft recoil mechanism (Figure 2)
and the free body diagrams (Figures 2, 3, and 4) are the basis
for the mathematical model of recoil motion used to predict
fluid flow and its control. Conventionally, the breech force is
assumed to cause positive acceleration, Therefore, the displacements
"x", "y" and "x - y" increase in magnitude for the force system shown,
With the recoiling parts in their initial or battery position,
the variables "x" and "y" are def'ned as zero. (Note that
"x =y > 0" in Figure 2 - i.e., rearward displacement). Symbols
used in Geriving the equations used to predict system motion and

functioning ar~ defined in the Symbol Table (Page 80),

e il

P

| The spear buffer shown in Figure 2 is required to protect the
n system from the overload which would be caused by the firing of

' the maximum impulse charge before imparting a forward motion to the
recoiling parts (as in the case of a cook-off). This spear buffer
restricts fluid flow between the pressures P. and P, during part

of the cycle., As illustrated schematically in Figure 5, this
restriction exists while

X > X > X
max e

with "x " being the value of "x" for which a

. o 1 becomes equal to A

2 .
mn e

For any "x", the flow diagram is shown in Figure 6 with flow

= from P. to P, when "x" is increasing (delZined as recoil). The direction

of floWw is reversed when "x" is decreasing (during run=-up and during
counterrecoil). Values for the orifice areas (ai's) will vary with 4
direction of fluid flow, position of the spear buffer relative to 1

the piston, and functioning of the velocity sensor.

- The pressure drop across the "ith" orifice is defined as
2
v ]
o &
(1) g(vi) = 7q E: sgn(vi) ;

Then, 4
(2 p, - P, = g(vi)
(3) Fz = P3 = g(vz) '

4) Py - P, = glvy) .

~
i s i T




where

O =

. g =

| H iy =
vi =

sgn(vi) =

for "x 2 xe"),

9 NA

1 a

(6) v, = L

N
(N vy = AR

With fluid flow restricted b
lx = Na.v

(5) v, = ;A}_

Nalvl + NAzx = Nazv2

fluid density
acceleration due to gravity
discharge coefficient for “ith" orifice

fluid velocity through "ith" orifice

algebraic sign of vy

y the spear buffer (that is,

171
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Now,

‘_?
[}
z
o

@ y= x
A,
A, - N
oy y- 2R
A

These relations hold as long as the system remains completely filled
with fluid. (Monitoring of computed pressure values to ensure that
they remain positive will demonstrate the existence of an oil

filled system).

Rearranging Equations 2, 3, and 4
{11) Py=P, + g(v3)
(12) P, = Py + glv,)) = P, + g(vy) + g(vy)

(13 P, =P, + g(vl) =P, + g(vl) + g(vz) + g(v3)

From the free body diagrams (Figures 2 and 3), with "x =-xé" (spear
buffer rescricting fluid flow)

(14) My X = B(t) + We sin Zf - NFP sgn(x)

- Ffp sgn (x - y) - Fg sgn(x)

- ANPN + AaPa + NA3P3 - NA2P2 - NA1P1

9
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L et e e

- - *® - i + - - L] -
(13 Mp Yy w? sin 2( APy + Ffp sgni(x - y) AR,

: Noting that sgn(k) = sgn(.—'z - ¥) and substitating for .y. (Equation 9),
: Equations 14 and 15 are rewritten as

R aa = + ;. - L]
(14.1) HR x = 8(t) WR sia 7 (N}?p + Fg + Ffp) sgn{x)

- ANPN + A4P4 + NA3P3 - NAZPZ - NAlPl

AA - NAR .
(15.1) Mp T X = Wp sin a’ + ANPN + FfP sgn(x) - AR,

4

By adding Equations 14,1 and 15.1, one obtains

IA4 - Naj

(16) m + \ = M x = B(t) + (wR+wp) sin’,
4

*
L[4

P

- (NF_ + F ) sgn(x
( . g) go (x)
+ NA3P3 - NAZP2 - NAlPl
By substituting Equations 11, 12 and 13, Equation 16 may be rewritten as

A, - N
ot [ *‘p]

— -+ -] -
(NFP Fg) sgn(x) + NASPA

% = B(t) + (W + wp) sin]

+ NA3 g(v3) - NAEPQ - NA, g(vz)
- NA, g(v3) - NA]_Pa - NAI g(vl)
- NA, g(vz) - NA1 B(V3)

10
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Collecting terms

AQ-NAR

M + % MofE = B(E) + (g + W) sin 3’

(NYP + Fg) sgn(x)

N(A1+A2 -A3) P,
NAl g(vl) - N(A1 + AZ) g(vz)

N(A) + &) = Ay) glvy)

Solving Equation 15.1 for P

l‘l
1 1 -
15.2 P s -y sing+ — F sgn(x
(15.2) B, =¥, a Tep B0

By substitution, (noting that A = A + Az - A3)

l‘ -'Aa - NA,
iHR (—-A-;——— ML - B(t) + (W + W) sin 2’

L

N

A,
NA NA.RAN
R . .
- IZ— }fp a3gn (x)— ‘a PN
T R
A" Alo

~ RA, s(vl) - N(A1 +4A) g(vy) - NA, 3("3)

11
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or, rearranging temrs

A, = NAL
*e 4
x = B(t) + wR + W wp sin Zr

NApdy
2: ’

! (17) MR +

‘ - + —= X -
(NFp + ?g A, pr) sgn(x)

N -

- Nay g(vl) ~ N(Ap + A g(vy) - NAp g(v3)

1f the initial value is Vs the gas volume for any displacement "x"

is written as
NAg
A

4

Vg T Vo Ay ) =V, s Ay

Then, assuming adlabatic gas laws, the gas pressure for any displacement
"x" i3 determined from

2.V =PV o
o] +

N o\Vy g

', \* :

= !

(18) PN Po NARAN I :

e 3

o 4 !

From the free body diagram (Figure 4), the force cn the recoil rod is 3
given by ¥
L

. i

(19) R = NA191+ NA,P, - hu3P3 + “Fp sgn(x) |

When fluid flow is not restricted by the spear buffer, (i.e.
for "1 <« x.'"), the preceding analysis must be modified by noting that
the forre on the end of the spear buffer (Figure 2) will be NA P1
rather than NA_P, and that flow from Pl to P2 will be defined by

252 |

N(4, + &) x = Na vy 5

+ 3

(5.1) v, = __fl___fZ__ % I
a B

1 ;

i

1

12 :
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ot ot 1.

Therefore, for My < xe", Equation 14,1 should be written as

(14.2) MX = B(t) +W ata Y - (NP + P+ Fo) agn(®)
- ANPN + A“Pl. + NA3P3 - NAzPl - Mlpl
when this 1s added to Equation 15.1, one obtains
A, - RAL .
(16.1) M + ———A-;-—— up x = B(t) + (W, + wp) sin ?’
~ (NF_+F x
( P 8) sgn(x)
+ NAP, = N(A) + A))P)
From this, by substituting Equations 11 and 13,
A, - N
, ~ NAp ’ v
MR+( x, M| x B(t)+(WR+Vp) Binz
- (NF_+ x
( P Fg) sgn(x)
+ NAJP, + NA, 8(v,)
- N ¥ A B - B+ Ay ()

- N(Al + AZ) s(vz) - N(A1 + AZ) s(v3)

13
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Therefore, collecting terms and noting that AR - A1 + A2 - A3

x:

= B(t) + (wR + Wp) ain7

(NFp + Fg) sgn(x)

NARP4 - N(A1 + Az) g(vl)
N(A.1 + Az) g(vz) - NA.R 3(v3)

Again, substituting for P, and rearranging,

4

r A 'NAR‘ 2 = r A "NAR‘ -
4 . 4
. [MR+(T_) o ERECR e B
NAR .
- (NFP + Fg + 7:;— Ffp) sgn(x)
L T
A& N

N(A1 + Az) (g(v) + g(v,)]

NA, &(v,)
By defining
H=1l] 1if x « x
(203 €

H=20 if x = x

14
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Equations 5 and 5.1 may be written as

A+ HA,

1

(5.2) v, = X

Equations 18 and 18.1 may be written as

i 2
.|
(17.2) My Hp X = B(t) - :zA" Py
A, - N
= NAg
+ HR + A% ) Vp ain"r
NA, .
- (N?p + F3 + ( Aa ) Ffp) sgn(x)

N(A1 + HAQ) g(vl)

N(A1 + A2) g(vz)

- NAp g(vy)

Then, by using Equations 5.2 and 18.2 along with Equatiom 20,
a siagle system of equations defines the entire cycle as long as
the mechaniam remains filled with fluid.

Negative pressure values obtained during the solution of the
preceding system of equations will denote that the systeam is no longer
completely filied with fluid. If this occurs, a new set of
equations 1s required. This condition is anticipated since fluid
flow through the velocity sensor (orifice area a,) is sharply
restricted after initiation of firing to prevent any increase in velocity
during an ignition delay period. To approximate system motion after
a negative pressure has been computed, assume that

P,=P, =P =0

3 2 1

Pa .- g(va)

15
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and Equations 14 and 15 must be rewritten as

(21) Mo X = B(t) + Wp sin 7 - (NFp + Fg) sin(x)
X
. » i .
- Ffp sgn(x = y) - ANPN - A4 g(v3) H
v
A
oo . . !
@2) M V=¥ sin J + AR +F el - ) I
]
i1
+ AA 3(v3) #
y
with *_
avy = Al‘ (x - y)
i
or :
{
|
Aa o e !

(23) vy = (x - y)

a
3

and ,
V° k '
(24) P =P - — .
N o v, - Ay (x - y) :

These equations will be considered as definitions eof system
motion as long as

NA, x> A, (x -y)

During this period

(25) R = NF sgn(x)

16
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The governing differential equations of motion are solved
by standard numerical methods, with the system controls of the
actual mechanism being simulated by logic decisions of the computer.
These logic decisions are defined in the following manner.

l. A cycle is initiated by the setting of
appropriate initial conditions (e.g., x = O
and x = 0 at t = 0),

2. PFiring is initiated on the basis of either
velocity (Is "X" Z some specified value?)
or displacement (Is "x" <€ some specified
value?)

3. ignition delay is simulated by a variation
of the time lapse between initiation of firing
and a,..ication of the breech force.

4, The orifice area a, may have either of two
values,

"e 1"
Ay e before firing 1f "x < @

"e "
a = A, ¢ after firing if "x < O

" "n
a3b ¢ whenever "x 0

5. The orifice area a, has a single value for this
model.

6. The orifice area a, varies with both position and
directior of fluid flow, since it is dependent
on restriction of fluid flow between P. and P2 by
the spear buffer and by fumctioning of the chéck
valve in the spear buffer., Letting

a, = flow area through check valve

3 eak = annular orifice area resulting from
the necessary clearance between the
piston head and the spear buffer.

a = orifice area which is dependent on
position of the spear buffer.

17
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The orifice area may be defined as

( Ay * ek £

+ a if

if

8)eak if

By making "ax - Az" for "x <« xe" the definition simplifies to

x © 3eak unless "xv > x > xe" and "x ¥

- a3 aak + a, when

7. Define

1 if

Q if

B. Chosse governing system of equations on the basis of

P.> 0 or P

3 3

The rigid body model of the soft recoil mechanism is summarized

in Table I,

18

", "t
X < xe

" "
xv > x > xe

and ni > o

"> xvn and u* > oY

" > xe" and n; < Q"

" > x> x"and"x > 0"

v e
L[]} "
x < Xo
11 ”
x 2 X,

< 0




TABLE I

RIGID BODY MODEL OF SOFT RECOIL MECHANISM

A. EQUATIONS OF MOTION

{ I£EP, > 0

- 2
17.2) [H'R + (f‘é-AaNAR>

. Nhghy
Hp] x = B(t) = T4—_ PN

- N(A; + HA)) g(v)) - N(A; + A)) 8(vy)

- NA, 3(v3)
1 if "x < xe"
(20) H =
4] if "y P xe"

v k
- Q
(18) PN Po ( MRAN )
v - x

o A“
o "12
(1) glvy) = FT] (?1- sgn(v,)
A, +
(5.2) v, = e Sl x
3
19
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TABLE I (coat'd)

A, + HA
(6) vy - 1 Z x
8
+ A
(7) V3 - il______Z__ x
83
A, = NA,
. 4
(10) vy x, x
1 1
(15.2) », n W, sin 7 + %, Fep
M |A
* ;._N' Py i
A 4
(11) Py =P, + g(vy)
{12) P2 " P3 + g(vz)
ay P, =P, g{vl)
(1) R = NAP, + NA,P, - NA,P, + NFP sgn(x)
[1f P, < 0 and Nagx > A (x-y)]
(21) M % = B(t) + Wp sin 7 - (NF_+ Fg) sgn(x)
- rfp sgn(x - y) = APL — A, 8(v,)
(22) M ¥ = W sin 7 + NGByt Fg, sBnk - ¥)
+ AA 3(73)
A L.
(23) vy - T (- y)
3
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TABLE 1 (cont'd)

Vo k
(24) P =P — -
N ) Vo Aq (x-v)
(25) R = NF, sgn(x)
B. LOGIC CONTROLS
x ¢ firing velocity
Initiate firing (t = r.f) if or

x < firing displacement

Initiate breech force if t > tf + Ignition Delay

¢

LA LGRS Fm'

aBb £ whenever x >» 0 ]
3 - s e
i aq ﬁ A ¢ before firing if x 0
| 3¢ after firing if x < O '
i
L 3 * 3.2k unless x,> x > X, and x > 0
al = < . }
. 3
Lax+al.eak+avwhenxv> x> %, and x > 0 'i
:




DESIGN OF RECOIL AND COUNTEREECOIL CONTROL ORIFICE

When x > 0, control of recoil motion is provided by the
spear buffer. With fluid flow restricted by this component, te
motion is defined by

A + N
17 M+ ———;—AR; p X = B(t) + W + NAR ) ain
Mz . NApAy
- (NFP+F +""'P‘ ) sgn(x) - Aa PN

= NA; g(v)) = N(A; + A)) g(v,y)) - NAg g(vy)
3 This equation has the form

1 (26) M . x = A(t) - D(t)
3 where
i A + NLR
& (@7 HMege = H‘R * _'4__ * |
- A,- N ~ :
(28) weff - WR + T—- wp sin “1
L.
(29) A(E) = B(t) + weff :J
Ny Aty |
(30) D(t) = (NFp + Fg +—~— Fe ) sgn(x) + A, Py _

+ NA, g(vl) + N(A1 + Az) g(vz) + NA, g(v3)

From the precediang analysis g

) v = 4 x -
a, lz

A + : k

(6) vy - _.‘;_.52_ x
a j

N . f,‘

%) v, -____;AL__. x 1
ay : 1

22
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2
v
(1) g(vl) - % (E-j-'-) sgn(vi)
i

After using the moment-area equations (following section)
to define the required control function [D(t}]}, Equation 26 is
solved numerically for "x" and "x" at any time "t'". This

allows evaluation of the function g(vl) from

H
1 .
(31) z(Vl) - FA_; D(t) - (NFP + Fg +* Al‘ Pf’p) sgn(x)

NAAN
- %, Py - N(Al + Az) z(vz)
- NAp 8(v3)

The required control orifice area is next computed from

(32) v, = (r'lvé&. g(v,) sgnlg(v))] sgnlglv))]

and

(33) a -

For a quadrant elevation of zerc degrees, the equation by
which motion after firing is defined is (Equation 17 with B(t) = 0
and sin 2‘ = 0)

N
(34) M ogg X = - (NFp + Fg + —-‘q Ffp) sgn(x)
Naghy
- A, Py = Na; 8(v1)

- N(Ap + A)) 8(v,) - NAL g(v,)
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with "x < 0" (during counterrecoil), this may be wricten
(after assuming ey = e, B ey = z) as

. ¥aq
(35) Meff X = (NFPP PS + —-I-l‘- Ffp)

Mg

A4 N
3 3 3

. o NA1 X N(Al + Az) . (NAR) . 2
2 2 2 2 2
gc | a, ay 8,

As indicated in this equation, the gas pressure "P." produces
the negative acceleration while effective friction and gydraulic
throttling produce the positive accelerations. The velocity of
the recoiling parts will be constant if the acceleration 1is equal
to zero. That is, if the following relation holds

o NA13 N(A) + 4)) > (NA'R)S 2
(36) 3 5+ 5 + 3 x
2gc a; a, 33uf
Mg NAghy
+ + — - ——
+ (NFP Fg A, Ffp) %, Py

To ensure control, the friction forces can be neglected and, by
proper sizing of the orifice areas (ai), any one orifice can be made
to limit the counterrecoil velocity. “A specified value for the

minimum counterrecoil velocity, (X ._) can be used to define a value
for "aBaf" through the following Baticn.
‘NA_ )3 2 3 3
A MY N L D R U
L 2 ol A, N}~ 2 - 2
3af min 42 !

To limit the terminal counterrecoil velocity (iT), the value of
"3 " can be defined by the relation

1
NA13 2 [NAAg N(A, + "2)3 (N"‘n’a
(38) 7 = 2 A, EN| T 2 -
a® O % 4 3z 832
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Actuaily, the minimum value for a, is determined by the
necessary clearance between the spear buffer and the recoil piston

head. Then, at latch position,

8] * 3eak

TEETIERN T 5 G s T s

and, by neglecting terms that include

NPT

Py

At

b gt

(39)
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DEFINITION OF RECOIL AND COUNTERRECOIL CONTROL FUNCTIONS

Linear motion (x) of the recoiling mass (Heff) is defined by a
differential equation having the form:

(40) Heff X = A(t) - D(t)

where (Figure 7):
A(t) = Summation of forces causing positive acceleration

D(t) = Summation of forces causing negative acceleration
and both may be considered as functions of time.

]
3 D(t) —-* A(t)
3 Moese

X

FIGURE 7
Free Body Diagram of Recolling Mass

Since the firing cycle begins with the recoiling parts at rest, the
initial conditions are:

e

x=0and x= 0 whent =0

If a definition of A(t) and D(r) is assumed, a graphical interpretation i
of Equation 40 at any instant (t = t,) is given by the following
equations. (Reference 8, Pages 6 ané 7).
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Moment Area Equations 5

ty s
(41) Meff X wt -f A(r) dt -f D(t) dt
1 4y 0

(42) ueff X, o £ -[ti - A(c)]f Ale) dt
0

- [ti -'l')'(t)]]ti D(t) dt
0

where {3
‘. :.

3 (43) f A(t) dt = Area under curve of A(t) fromt = QO to t = ti f
0 ;i

P _‘j

(44) ] D(t) dt = Area under curve of D(t) fromt = 0 to t = t, .

0 .

ty 1

(45) [ti - K(c)]f A(t) dt = Moment of area under A(t) around t = t;i '

0 h

- 1 .

(46) [ti - D(t)]j D(t) dt = Moment of area under D(t) around t = t 3

1
0 1

If A(t) is prescribed forcing function (i.e., a breech force :
plus an effective weight componeamt), D(t) will be a control functiom by |
which some specified motion of the mass M £ is produced, Equations 41 and 42
can be used to obtain the required difinigfan of the control function B(t).

O T

For a conventional recoil cycle, the breech force [B(t)] is applied |
at t = 0 and recoil displacement must be limited. Then, let '

Do- Value of D(t) at beginning of recoil (t = Q)
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©
[ ]

Value of D{t) at end of recoil (t = tr)

>
N

Allowable recoil displacement (x = % at t = cr)

(]
]

Area under B(t) (Impulse)

Ed 1}
»

Location of centroid of area under B(t) '

L 3]
[ ]

ef £ Effective weight component

A minimm peak value for D(t) can be obtained if the function is
held constant over the complete recoil stroke., However, since an
instantaneous increase in D(t) is impossible, a reasonable rise and
fall time musc. be allowed, Let

‘sr = Specified rise and fall time for D(t)

- Dr = Congtant level of decelerating force —

The assumed force system is illustrated graphically in Figure 8. 7

sk oot o tnnn.

®h

B(t) t s ¢

RO Py

r
eff Accelerating forces

D o
e ‘ !

AJ”/“ Decslerating forces %

l .

[& l._ Dy ..4[3 }-. ) '
r r

FIGURE 8

Asgumed Force System for a
Conventicnal Recoil Cycle
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Equations 41 and 42 may be solved simultanscusly for values
of the unknowns D, and ¢t..

R R
a[u 2 +15+0e =0 AZ]
eff M .
“n t = =
r 21 + (De Do) [S;
I+ Wegg & = 3 (D0+De) Ar
(48) D_=

tr-ar

This defines the control function used to design the spear
buffer which protects the system from damage if a maximum
impulge charge is fired from latch (i.e., cook-off),

For an ideal soft-recoil cycle, the assumed force system is that
dhown in Figure 9.

Accelergting forces

B(t)

eff

D

Decelerating forces

FIGURE 9

Assumed Force System for an
Ideal Soft Recoil Cycle
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with

for

A(t) = B(¢) + chf

D(c) = D (Assumed constant)
x=0and x=0atte=0 (Battery)
xwOandx=0at t e ta (Return to battery)
x= l.am'l'x-xf at t =t (Firing)

The moment area equaiions (Equations 41 and 42) can be solved

D Required drive force
tr Cycle time
if Firing velocity
I2
4(2M egg b Y ) eff
I
0) £, = g
b 4 D weff
=
n -
- L 2 \D w‘ff)
G xe = [ * PP
eff eff

During a normal soft~recoil cycle, the reéoiling parts are

{1) drivem forward by expansion of the gas in the racuperator;

(2) returned to a point slightly to the rsar of latch
posizion by application of the breech force; and

X

TP TR LR VGNP Y TSRO Ly




(3) returned to latch by tha gas forcs.

During a maximum overload cycle (caused by firing from the latch
position, the recoiling parts are

(1) driven fearward by application of the bresch
force;

(2) brought to a stop by hydraulic throttling of oil
between the spear buffer and the recoil piston,
and,

(3) returned to battery (latch position) by expansion
of the compressed gas in the recuperator.

In both cases, counterrecoil control must be provided to prevent impact
against the latch mechanism.

For the soft-recoil mechanism (shown schematically in Figure 2),
the minimum counterrecoil velocity is limited by restriction of the fluid
flow from the recuperator through.the orifice area a;. (After firing,
a; = a, . as defined by Equation 37 when "x < 0.") To protect
the latch mechanism, final counterrxecoil control is produced by use
of the spear buffer to restrict the oil flow between P, and Pl‘ Use
of the spear buffer for both recoil and counterrecoil control is
made possible by the check valve which is effectlve while "x~,> x > 0,"
During recoil, P, > P, and the valve is opened to allow flww through
the valve orifice (av) as well as around the spear buffer (ax + aleak?'
During counterrecoil, with P2 > Pl and the valve closed, flow
between Pz and Pl is restricted to the annular orifice around the
apear buffer (ax + aleak)' (See Page 18).

for an acceptable counterrecoil control function, the counterrecoil
velocity must be changed from inin at x = x to ir at x = x. by throctling
of fluid flow between PZ and Pl. A3 a result of the restricted
flow between the recuperatuor and recoil cylinders through the orifice a
(thereby limiting the magnitude of inin)‘ she accelerating force is
approximately zero when control of fluid flow through 8 is initiated.

Since the terminal velocity is to be held constant from x = Xy to

3af

x = 0, the accelerating force will again to zero when x = Xpe

3l
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By substituting Equations 2, 3, and 4 in BEquation 17, we obtain the
following equation defining counterrecoil motion at 0° Q.Z2.
[i.e., B(t) = 0, X « 0 and sinT - 0]

2
A - N
(52) [un+(—“14—'fﬁ) up]‘i - (nrp+r‘+-:§ Pe)

NArAy
=2 p

y y - MA(E -Py

= N(A) + A)(Ry = Py) = NAR(P; = P)

with the significant pressure drop across the ori{fice ay.

< P_ = P

NTER, 3 2

and the ahove equation becomes

2
A - N
% AR . HAR
(53) L % ) Mp x (NPp + rs + Iy rfp)

NAxAx
el R U

if Pl = 0, the accelerating force is given by

Mg
D= (NPP + Fg T‘: Ffp)
NA AN
- A, Py ¥ NAR

NAg
D= (NPP + F8+—Kz Ffp)

Ay

*N“l"';\_,"') Py

32

ot e e - ———— - 4 {8 34

R e



o e eeriatieng sv‘

AT e -

TS

LR ot AR

With counterrecoil control occcurring near the latch position where

Py = P_, a liniting design value for "p" is given by

N Ay
(54) D = (NF +Pg+—i; F )+N(A1-—'—-)P

Based on the preceding analysis, the counterrecoil control function
must satisfy the following constraints

D(t)-Owheux-xvandx-xnin
D(t'-).‘>Df<.'n:xv ¢ x < 8

D(:)-Ovhenx-x.ra.ndi-ir

The shape of thée control functicn may he chosen in some essentially
arbitrary fashion so long as adequate flow control can be maintained.
One such choice 1s shown (FPigure 10),

e~ T —

L'}Ji
D

Beginning of cr
counterrecoil

control by spear
buffer em—————

FIGURE 10
Counterrecoil Control Function
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Then, from "'t = 0O to t = %-", motion is defined by

m
. CR
Mogs X = 77

where

Heff " HR +

2
A, - NA
L ) .
N Arry

Deg S (NPP+F3+—A: Ffp) + ““1"7;"" P

NOIE: 't' is assumed zero wvhen counterrecoil control begins.

Then, \
2D 2 i
. CR ¢
Mege X~ 77 2 K ]
> 3 !
CR t p
M X - ——— + K, t + K
eff T 3 1 2 |
Since f
x=x and x=x ., at t =0
v min :
{:
The conatants of integration are 5
Kl = Meff Xain !
{
KZ = Heff Xy
;



FF S

Therefore, att-%, ;cv).iandx-x

D 2
> CR T .
Mp X= == 3+ Mox .
D T
o CR .
X = + X
4 Meff min
and
D 3
CR T . T
Vet X = 37§t My x . o5 + Moge %y
2 -
D T X T
: X - CR + min + x,
: 24 Meff 2
L
t While the function D(t) 1is decreasing, the equation of motion may be
L written as
2D
*e CR ’
Mogp X * Deg — —5 = ¢ ¥
-
with ’ 7
x = }-( and x = X at t = 0
A .
i NOTE: Meve, "t" has been assumed zero when the contrel). function begins 1
to decrease, B
; X
; 2D 2
1 e = - --C-—R i’.—
Merg * = Doy ¢ T 2 T K .
2 D 3 |
t CR t :
Hegt X = Deg =3 = % PR ErK \

and the constants of integration are

»
Kl " Me,ff X

EP S
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As originally specifiad, when "D returas to zero

: x-xrandx-xr

Then, at t = %’ R

¥

D 2
: - I _ <& T
Megr X = Dep 3 . A
D. T

CR .

+ M ~ + M x

eff Meff eff “min

e ey s e i e i
[OOSRy TP NEY- . NS SR S

St i o
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2
DCR T

(56)  Mype Xp = —m— v Mo Xun Tt Mg %,

Equations 55 and 56 may be solved simu}taneously for values of
"T" and “xmin" when values for "DCR' M ggr Xp» and X " are specified,

v
By substituting Equation 55 in Equation 56,

2
D.. T D., T
CR . CR
Mg *T % tMope T | xp - M_ | " Mesr %y
2 2
M = Pcr T + M x. T - Pcr T +M X
eff *T % eff *T 3 eff v

I ]
& T - Mege ¥ T = Mogs (xv - xT) =0

Equation 57 can then be solved for "T" and "x ’n" determined by
solving Equation 55, ot

et
Ll
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CARRIAGE RESPONSE TO FIRING LOADS

In this model, three degrees of freedom are considered as shown
in the schematic representation (Figure 11), The mass centers shown
are defined as:

Mp = Mass of nonelevating portion of the weapon
Mg = Mass of elevating (but nonrecoiling) parts

My = Mass of vecolling parts

The three degrees of freedom may be defined in terms of the three
time-dependent variables:

n, = Defines the position of M, with respect to the elevation
trunnion

® - Defines relative rotation between My and M, around the
elevation trunnion ’

¢ - Defines rotation of MD around an axis of rotation fixed
in the ground

On the assumption that all motions being considered are in the
plane of elevation, only planar coordinates will be required., Therefcre,
dimensions are defined in the positive sense according to the following
coordinate systems as shown in Figure 1ll1.

0-BC : A coordinate system fixed in the ground with its origin
at the point of rotation for the mass My

0-YZ : A coordinate system fixed in the mass My (and rotating with
it) having its origin at the point of rotation for this mass.

T-n% : A coordinate system rotating with the mass and having its
origin at the elevation trunnion. At the time, t = 0, this

system has been rotated through the elavation angle (Y )
from its original position parallel to the 0=YZ coordinate

gystem.
From Figure 11, the following relationships may be derived:
Yy =Y¥p + Nycos (Y + 8) -2, sin (v + 6)
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By =Yy cos ¢ - Zp sin ¢ +n, cos (Y + 8 + Q)-CA sin (y + 06 + ¢)

Cy =Yy s8in ¢ +2p cos ¢ +1n, sin (y + 8 + ¢)+CA cos (y + 8 + ¢)

i --(W:nﬂ*rh A pertiy i 1

Yg =Yy +ng cos (v + 6) -¢p 3in x + 8)

Zg =2y +ag sin (y + 8) +¢5p cos (v + 6)

By =Yp cos ¢ =-2p siné + ngcos (Y +8+ ¢) =%p sin(y +8 + ¢)

Cg =Yy siné + Zp cos ¢ + nnsin(Y + 8 + ¢)+CB cos (Y +6 + ¢)
and,

By =¥y cos ¢ -2Zn sin ¢

CD -YD sin¢+ZD cos ¢

Noting that n,, © and ¢ are time dependant variables, differentiation
with respect to time gives:

-

BA--a[Yr sin ¢ + 2 cos ¢]  4

-0 + $) [ny sin (v +8 + ¢) +5, cos (Y +8 + )] 3

+ ?\Acoa (x +0+ ¢)

.[‘ir cos ¢ - Zp sin ¢]

po
[ ]
<

+ (5 + ;). [y cos (v +6 + ¢) - Z, sin (v +6 + ¢)]
+ ;’A sin (y +8 + ¢)
By =~ 5[‘11. gin ¢ + %4 cos %] !

@ + $)Ing sin (v +0+ 0) 4oy cos (v +6 + 5)]

_ G =9 I% cos ¢ -z sin ¢] 3
+(5 + 5) [Ngeos (¥ +8 4+ ¢) - ;, sin (v +8 + ¢)] n
By=-¢ [Yp sin ¢ +2, cos ¢] ‘i!
) G =¢[¥p cos ¢ ~2, sin ¢] :
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Differentiating again with respect to time gives:

A --.4"[&'.1. sin ¢ + Z; cos 9]

- ('e°+'$)[nA sin (Y + 0+ ¢) + T, cos (Y + 8+ 9]

A

+ .ﬁAcoq (X + 6+ ¢)

- (B + § [zﬁAsin (y +08+ ¢})

v2
-0 [YT cos ¢ - 2p sin $]

-6+ Hilnycos (v +8+ s)-gusin (v +8+ 9]

o —— s -

CA - 'o. [er cos ¢ - ZT sin Q]
+('e'+'$)[nAcos(y + 6 + d:)-cAs:Ln(Y +8+ ¢)] x

+%,sin (v +8+ ¢)

+ (6 + 8) [2;1A cos (y + 8+ ¢)]
~ 3%ty sine +2z cos o] y
- (é + 5)2 [ng sin (v + 8+ $)+ %3 cos (Y + 8+ ¢)] i

..

By =-¢ [Yfp sin ¢ + 2. cos ¢]

[ S

(@ + D) [N sin (v +0+ 8) +zcos (Y +0+ 9)]
—aQ[YT cos ¢ = Zp sin ¢]

- + &)2 [ng cos (v +38+ ¢) =Lgsin (Y +8 4 ¢)]

?;;3 - % [¥p cos ¢ + 2, sin ¢] ‘ B
+(8 ¢+ §)[ng cos (v +8+ &) -Cysin (Y +6+ ¢)) b

- 4 [Y¥, sin ¢ +2Z. cos ¢] l

- (8 + ¢)2 [ngain (Y +8 + ¢) +%igcos (Y + 8+ ¢)]
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By = - ) [Yp sin ¢ + 2, cos 4]
2
- ¢ [Yp cos ¢ =2y sin 9]

bb - ¢ [YD cos ¢ = Zp sin ¢ ]

o2
- ¢ [¥p sin ¢ +2Zp cos ¢]
By defining

T = Kinetic energy of the system

V = Potential energy of the system

F¢,Fe = Generalized forces (torques) cauming rotationa ¢ and 4
the Lagrange equations become:

Por pitch motion (defined by ¢ ):

3
¢ far]. = , v .
G8 [a%J % e Fo

For relative rotation (defined by 8):
d 3T 3T v
G & [35} ST Fo

1f Io, IR and Ip are mass woments of inertia of each mass around
its mass center, the kinetic energy may be defined in terma of velocity
compunents (referenced to the fixed coordinate system 0-BC) and rotational
velocities as:
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After terms are expanded and collected, the following expression
for kinetic energy is obtained:
Wl2 2 2. 2. 2
(60) T= =314 i¥p + Zp +n, +*i, + 2(n,Yp +2,2p) cos (v + @)
+ Z(HAZT - CAYT) sin (v + 3)]
2 2 2 . 2
+0 [ng +54 1+ Ny

14 2 2
<]
+ 2906 [ n +cA +(nAY

+ + 8
A CAZT) cos (Y )

T

+(nAZ - cAYT) sin (v + 8)]

T
- 8 - 2N ¢ - + + : +
2§Ae n 2n ¢ [CA Y’I‘ sin (y 8) ZT cos (Y 8)] }

M. . 2 2 2 2
+ —2[¢ [YT +ZI +ng g + 2 (nBYT+ CBZT) cos (y + 8)

+ 2 (ng2p = iz¥q) sin vy + ©)]
+ 62 ["32 + cnzl
+ 266 [nnz + ;32 + (ng¥y + LgZg) cos (Y + 8)
+ (ngZy = tg¥y) 8in (v + 9)]]

' 222 Aty 2 b .2

T NN s—— 14 + 8] + — %
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Differentiating Equation 60 with respect to $ ¢
%
2T . 2 2 2 2 -
= + + + + Y + ) + 8
Y HA[é [Y.r ZT ng 8, 2(nA T CA“T) cos (v )
| ) . '
! +2(n,Z, = &,¥p) sin (¥ 8)]
’ +5[nz+;2+(n‘i +7,2.) cos (y + ©)
A A AT AT

+ (nAZT - CAYT) sin (v + 8)]

o s am pemps = e e e e =
e 4 ; t

-l:lA [CA-YT sin (v + ©) + 2, cos (v + 3)]] )
S
. 2 2 2 2 A
+ H,B[(b [Y,r +2,.0 + ng + 4y +2(nBYT+chT) cog (v + 0) y
+ 2(n Bz.]:.- CBYT) sin (v + 8)]
<2 2 . _
+ 8 [nB + o (nBYT+ CBZT) cos (v + 9 J
+ (ngZy = Gg¥q) sin (v + 0)]] ]
z
eu bv 2wz P11, + L0 + 81+ é ;
My ¢l¥p D A B Iy 1‘
¥
|
X
l'ﬁ
!
s :
é



And then with respect to time

d T} s 2 2 2 2
—_ - + + + + O
(61) dt [3;] ¢ [HA [YT * ZT nA + CA z(nAYT cAZT) cos (¥ )

‘ + 2 (naZy = GA¥p) sin (v + 8)]
2 2 2 2 )
' + Mp [Y¥p + 27 4+ " + % + 2("p¥T + tg2y) cos (Y + %)
+ 2(ngZt - Gp¥T) 8in (¥ + 8)]
2 2
Mp [Yp +ZD]+[IA+IB+ID]]

+ 8 [HA Al + 2,2+ (nalT + TaZp) cos (¥ + ©)

+ (nAZT - CAYT) sin (v + 9)]

2

i

+ Mp [“32. + "'az + (MpYr + 5327) cos (Y + 9)

-

+ (3gr - tgip) - sin (v + 9)]

+ [IA+IB]]

sin (v + 9) +2

-oo _ + 8 !
nAMA[:A Y,r p CO8 (v )] ;

-2 ¢6[HA[(nAYT + :Az,r) sin (Y + 6) - (nAzT— CAYT) cos (Y + 8)]
+ MB [nBY'r + E,BZT) gin (y + §©) = (nnz,r - CBY_r) cos (Y + 9)]] ii

. . e )
+ 26 Ny HA [nA+Y'£ cos (Y + E!)~vl-z,r sin (v + 6)] L

+2 N4 M, [n, +Y

8) + ¢}
A TSN T cos (Y + &) ZTsin (v + 9]

22
- 8 [}2A [nAYT+ CAZT) sin (v + 8) = (nAZT- CAYT) cos (v + 9)]

R

+ MB ["BYT + chT) ain (Y + 8) - ("57‘1‘ - CBYT) cos (Y + 6)]]

PRy 4
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Similarily, differentiating Equation 60 first with respect to 9

aT . 2 2
- M +
Y} A[° [ny™ 2,7l

2
A

i)

A
- “B[é [nBZ + cBZ]
+ 5 {

. 2
+ + -
¢ In, G0 (n Yy +0.20) cos (Y + 8) + (n2p = §,Y5) sin (v + 0))

2 2
nB + CB + (nBYT + CBZT) cos (Y + 8y + (nBzT - CBYT) sin (y + e)]]

+ [1A+ 1] (¢ + 8]
| And then with respect to time, 1
L - d 3 ] onr !;
. 62) ——= 3T ¢ 2 2
: ' ( at {-3-5] ¢lHA N+, 7+ (¥, +2.2.) cos (v +9) '
3

+ (nAzT - CAYT) sin €y + 6)]
2 2 1
+ M [nB +oT (nBY,r + chT) cos (Y + 8) -
+ (”Bz'r - CBYT) sin (v + 8))
+ [IA + IB]]

0

*oe [HA [”AZ + CA2] M "132+ Cgl I, ¢ I‘B]] +A, LM !

- ;é[HA (¢ nA!;V_r + CAZT) sin (v + 8) - (nAZ,r - CA'IT) cos (7 + 9)] '

+ HB [{(n BYT + CBZT) sin (y +8) - ( nBZT- CBYT) cos (1 + e)]] .

*a

+ r .
on, [2HA Nl o+ nAé M, IZHA + Y. cos (v + 8) + Z, sin (v + &)j .

i
|
!
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1

Next, differentiating Equation 60 with respect to ¢
(63) =~ = 0

and with reepect to @

3T

(64) ) - - ¢9[HA [(HA‘x’,r + ¢AZT) gin (v + 8) - (nAZT - CAYT) cos (v + 0]

+ MB [(nB'iT + CBZT) sin (v + 8) - (nBz,r - z;BYT) cos (v + 8)]]

+n0 & M (¥ cos (v + 8) + 2, sin (v + 8)]

32
$ [HA [(nAYT > CAZT) gin (y + 8) (HAZT J:AYT) cos (Y + 8)]

+ My [(nBYT + CBZI) sin (v + ¥) - (nBzT - CBYT) cos (v + 9)]]

—_— - g

The potential energy in the system may Ue defined as the sum of

=
]

W Potential energy due to weight

<
]

G Potential energy stored in the effective spring at the {ront support point.

<
.

Potential energy stored in the equilibratocs

<l
L]

Potential energy stored in the elevation struts

Thac is,

1
(65) V = vw + vG + VBQ + VEL _ _

Since the change in potential energy with respect to each of the
generalized coordinates is the important factor in the Lagrange equation, !
suy seference position may be used. This analysis is based on the
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following definition for the reference position:

The potential energy due to weight i1s given by:

or

(66)

=C

A

v
Vwa[‘Tsin«t-t-ZTcos % + n

A

+ [Y,r

+
CBWB+CDW

+
[y,

gin ¢ + Z_ cos & + n

D

+ o+ +
Asin(‘r $) CA

T

sin ¢ + Z_ cos ¢} WD

D

cos (Y + 0+ ¢)] W

A

6
Bsin (Y+9+¢)+CBCOS (v + 6 + ¢)] Wa

Then, differentiating Equation 66 with respect to ¢ and with respect to 8,

(67)

(68)

BVW

$

4.2
e

a[n

= [YT

+ [YT

+[YDcos¢-Z

A

+ [n

[+

cos(Y+9+¢)—£Asin(Y+b D] W

B

os@-ZTsin¢+ﬂA

cos ¢ - 2, sin $ + n_ cos - B T 4

T ]

2 sin ¢} WD

A

cos {Y + 6 + ¢) - CBsin(Y+9+¢)]WB

B

cos (Y + 8 + ¢) --:Asin (v + 0 ¢ ¢)] WA‘

sin (Y + 8 + ¢}] L

"ﬁ"

e
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e x chi gl

By defining static equilibrium as the reference position, the static
load in the ground spring is given by

+ +
BA wA BB wB BD wD

L

P
static

and, if we assume an effective spring having a linear load-decilection
relationship w. *h

KG = Effective Spring Rate

a static deflection of the spring can be defined as:

A s P K
Gatatic static/// G

The deflection of the spring due %o tue pitch motion ¢ is given by

AG¢ = ~L¢

The minus sign decreases the spring deflection as ¢ tacreases when
IL.> 0 (i.e. - when the pivot point is at the rear), and incresres
the spring deflection as ¢ increases when L < 0 {i.e, — when the pivot
point is in front of the spring). This allows che total spring
deflection tc be written as:

I S
& > static

Then, the potential energy in this spring is given by:

1 1 2
% 7 Kglg) Ba= T Kbg
1 2
V. = 3 K, [B. + & ]
G 7 6 V6 Cyraric
1 i Pstatic]z
= = ¥ l-1¢ + F22RIC
2 G K.
L G

L]
o)
(DN

g ]

1

T

o

]
b4

-]

b3 Lad
[
e
[
-.—‘L
| Nomsenm— )

T T

PRI NPT |




Latting
- Pstag_g
¢ K L
static G
or
\ . BA wA + BB wB + BD WD
gtatic 2
KGL

The potential energy can be written as

L2 2
K L (o6 - ¢ )

~~
o
)
A g
<
o
IS

static

Then, differentiating with respect to ¢ and ¢ gives

BVG 2

——E ., - b
(70) 3¢ KG] G ¢atatic
and

v
71y -2 = o0

L%
@x

The equilibrators and elevating struts will act as co-linear
snring elements whose potential energies chanrge with thelr change
in length. To establish this change in length, the fnllowing
coordinates may Ye defined:

cos (y +6) - ¢ sin (y + 8)

Y Y +
1 n “EL

T EL
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Z wZ +n_ sin (v + 6) + ¢

- ay
1 T EL cus (y =+ 2

EL

Then, the length of the zlevating struta is given by:

i} Ly a2 .32 1/2
LEL (€2, - ¥)° + (2, - 2,)° )

Y + 8 2)

Substitution, expansion, and colleccion of terms allows the writing of:

.2 2
LEL v+ 8 [(Y‘I' YEL} + (ZT - ZEL) + nEL EL

+ ZI(Y.r - YEL) L (ZT - ZEL) ;EL] cos (y + 8) f

Y - - _ .1 1/2
2l(YT YEL) CEL (ZT ZEL) nEL] sin (v + e;]
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s an

By defining the constants:
2 Y2 2 2
(72)  ELL = (Y, - Y )° + (Zy = 2g)" + g © + g
(73) L2 = [(Y, - Y, ) g, + (2 - Zg) &gl
L7 = - S - -
(74)  BL2 = [(¥g = Yp) Ly = (Zp = Zpp) Mgyl
The length may be written as
(75) LEL . . = [ELL + 2EL2 cos {y + 8) - 2EL3 sin (y + 8)]'?

Yy + 6
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A spring equilibrator (coapression type) is shown
schematically in Figure 13.

EM FIGURE 13
Spring Equilibrator - Compression Type

PEQ = Preload in eyuilibrator spring (i.e. - load at v = 0°)

KEQ = Spring rate of ejuilibrator spring

:
‘
'
]
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Then, the total force for two parallel equilibrators
is given by

(76) FEQY + 8" 2 [PEQ - KEQ (I.EXw + 0 LELO)] |

|
With the reference positioan defined by 9 = 0, the potential '!‘
energy stored in the equilibrator is given by !
I.ELy 8
Veq -f FEQ o 4 (LEL . _4) '
LEL :
Y ¥
2 LEI"Y+6 2 !
-f [PEQ - Ko (LEL, o - LEL)] 4 QLEL y _ o)
LEL
2 Y
I LIE:LY +0
LEL
Y
LEL LEL
+ 8 Yy + 8
- 2 [rrq + kg LEL) (LBL | 1) - Kgg —F—
LEL
= 2 [PE + K L LEL - LEL
(PEQ + Xgq LELy) (LEL .
e 2 2 !
- _2Q (LELy 48 = LELy )] i
i
i
Then |
v 3LEL |
] y+ & l
‘3'910‘ - 2[(PEQ + KEQ LELO) 30 ‘
|
ALEL . o 1
- K'EQ LELY + 8 26 |




v JLEL
3EQ . 2 (rEq - - A &5 .
an == 2 [rEQ Kgq (EL 4 o - LELQ] =

| and, since VEQ is indpendent of the variable ¢

3E -
(78) -5;-9 0

The elevation struts contain preloaded ring spring assemblies
as shown in Figure 14.

r Ring Spring Assembly
|

. )
| Jj

— LEL .4

FIGURE 14
Schematic Diagram of Elevation Strut

56

. T e e e 90 s e sttt s oy




Treating an increase in length as a positive deflection of the
spring assembly and defining a tension load as positive enables
one to depict graphically the force in one strut (Figure 15).

Load in One Strut

;: o)
~

N'

= K(bd~-1x) + PB

Deflection

FIGURE 15
toad Deflection Curve for one Elevation Strut

Note that the value of FEL is taken as zero at time 0. Then the
spring deflection is given by

57
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Since the load in the elevatlon strut must be defined in a plecewise
fashion, the potential energy will alac be defined in this manner.

With the equilibrators approximately balancing the tipping parts when

8 = 0, the potential energy in the elevation struts (both) may be
defined as twice the area batween the load deflection curve and the

4 axie from & =0 to & The curve chosen will be dependent on
whether the spring assembly is being compressed or releasing its emergy.

The potential energy (V,,) can be expressed as a function of the
strut deflection & in the form

2
(79) VEL = [A - 1] K+ 2[8 -~ ] P, +H

vhere the constants r, K, Pg and H are defined in a piecewise fashion.
(See Figure 15).

Since A is independent of ¢

(80) ;:L'O
However,

a—;,-g-L—-z[A - r] Kg—g' 1-2?8 %g‘

.z[x [4 - ] + Ps]-g%
and since
A.LELY e-LELY

The equation
(81) i;—,—g-l‘--z[x [LBLY_‘_G-LELY-:‘]-FPS]EZ%%.LQ
is obtained
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Recalling that (Equation 65)
! - +V_+V. o+
v VW G EQ vEL

The following relations may be written

v avy Ve avE; + Vg
¢ 3¢ 3¢ 3¢ 3¢

v av aVv v v
' W, ' 6, EQ,  EL
EL X PY:) 36 EL:]

Then, making the appropriate substitutions in the above equations, using
Equations 67, 70, 78 and 80

av. o - - . R
(82) 3; [YT cos ¢ ZT sin 3 + n, cos (vy + 8+ ¢) L, sun {y + 8% ¢)} JA
+[Y,rcos¢-z,rsm¢+nncos (y+6+¢»)-cnsin (Y+"G+¢>)]WB
R 2
+ [Y - + -
[ p €08 ¢ ZD sin ¢ ] WD KG L7 (¢ ¢static)
Using Equations 68, 71, 77, and 81
LA +0 4 0 fn (y+0+¢)] W
38 ~ [y cos (¥ $) = ¢, sin (v ) W,

+ [ng cos (y + 8+ 9) - tg sin (v + 8 + ¢)] Wa

AL . o
{PEQ - - A . 2
+ 2 [PEQ - Kp, (LEL ., ~ LEL)] 58
WAL, o
+ 2[R(LEL_, o= LEL - 1) +P] "_l"—ae

which may be written
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3V
(83) 5 [nAcos (Y +60 + ¢) - %A sin(y+e+¢)]wA
+ [nB cos (y + 8 + ¢) - CB gin (y + 8 + ¢)] WB |
i
. 1
-2 KE [EL1 + 2EL2 cos (y + 6) = 2EL3 sin (v + 6)]1/2 - P i
Q ) EQ

| - [EL1 + 2E12)172

0y

EL2 sin (y + 98) + EL3 cos (y + 8)

-————
st dilhen,

[EL1 + 2EL2 cos (y + 8) - 2EL3 sin (y + 9)]1/2

il

!

—y .,),T_—--q—rr-. -

[ELL + 2EL2 cos (y + 8) - 2EL3 sin (y + e)]l/2
-2 {K - +P

- {EL1 + 2EL2 cos Yy -~ 2EL3 sin Y]1/2 -t

B 7o

EL2 sin (y + 8) + EL3 cos (y + 8)

[ELl + 2EL2 cos (v + 8) -~ 2EL3 sin (y + 6)]1/2

U N SU PR

U N ie wed Lt

o0




g

By the resolution of the breech force [B(t)] into a force along
the n - axis and a couple around the point T and by including the
dissipation functions representing damping in the ground spring
and in the elevation trunnion, the genaralized forces may be

taken as the torques around the appropriate pivot points (0 and T).
Then,

F¢ = B(t) & - YT B(t) sin (y + 8) + ZT B{t) cos {(y + 8) - c¢ ¢
F¢ = B(t) &y - ¢ )
or
(84) F, o= lg) =Ypsin (v +8) +Zcos (v + 8)] B(t) - c. @
(85) Fe = B(t) QL -c 8

]

Then, since the Lagrange Equation for the pitch motion (defined by ¢) 1is
Ti[%]'%*%'%

and for the relative rotation of masses HB and HD (defined by ) is
1%[%;’]‘%*%'?9

proper substitution enagbles the following equations to be written

Equation 89 (Sse Page 64 )

Equation 90 (See Page 64)
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in obtaining the equation for linear motion of the mass canter, Newton's
Equatlons may be used., From Figurs1ll

ot
5
]

where B, and C, are components of the acceleration ~f the recoiling
mass in the fixed coordinate system (U~BC. Then the ‘acceleration
components of the recoiling mass in the n and { directions are

Q, -'B'Acoa (~r+s+¢.)+'c'Asin (Y + 6 + ¢)

.Q'C--BAsin (Y +8+9) +C, mo8 (¥ +8+9)

Substitucing for Ek and EA and gimplifying gives !

Q, = K (Yp sin (¥ + 8) = 24 cos (Y + 8) ~ ¢,]

2
A Ny = :) [nl + Yp cos (v + 8) + Zp sin (v + 6)]

and [

Q, -4 (Yp cos (v + 8) + Zp sin (Y + 6) + n,]

Tt o s et s ad LRI

e 2
- 8 ¢ «¢ [L ~Y sin (v +8) +2 cos (Y+ 98)]
A A A T T

A 2 e - e

62

[ERR RN TR P Tt o LY




Yow, frem Figure 12(a) (page Q)

) IF =¥, Q =RO=BO+ If £, . Fgl

-~ BF = wA sin (y + 6 + ¢)

(87) ZFC = HA QC = Sl + 52 - WA cos (y + 8 + ¢)

(88) ZHHass Center = IA (8 + 9 SZ ®-a) - sl @

+ B(t) [z - ;A] - BF (5, - cs)
3 + R(t) [g, = g,]
3
L + Tf;—(cA - al) + fz (J;I;- a.z) + ‘.L‘,t_: aG)}?G]

Then, the equation for linear motion of the recoiling parts is (by
substituting for Qn in Equation 86)

Equation 91  (See Page 64)

Equations 89, 90, and 91 are the governing motion equations which define
the variables -3

¢ =eam:lnA

(and their derivatives) during the firing cycle. :
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5 EQUATION 89

2 2
MY+ 204 mo+ G+ 20,0, 4 8,2 ) costy+ 0) + 2002, — ¢ ¥ ) sin(y +6)])
My 2 2 2 2
: ¢+ M,[Y,: z,2+ n gt + 200y, +¢ 2 )costy+0)+ 2(m,Z, ¢y, )sinty +6))
' MY+, + L+ I+ 1)

2
MRS+ 80 + LY, + 4 Z0cosy +6) + (0,2, ¢ Y,)sin(y + 6)]

L] 2 2
+ O My 8 + (Y H G Z Koty + 8) + (2 — ¢ YIsiniy + )
+ [I, +1,]
e R «‘
+ n‘{-M‘[C‘- Y,Sinty+8) + Z cosly +9),‘f =
(B(tAL, ~ Y, sin(y +6) + Z_cos(y +6)} - c¢$

—W[Yc0sd — Z S + MeoS(T + 6+ P)— | sinty + 8+ )}

— Wylr,cos¢ — Z, sin¢ + N COS(T+ 8+ ) —( sinly+86 + @)

—Wy[Ycos® — Z,sin@] — K L£(d— by )

+ 268

1

MUY +4,Z )sinty +8) — (M, 2, — {, ;) cos(y + 6))
+ MB[(HBYT 4 L 2 ISin(Y + 8) — (M2, — (), ) cosly + e:]

— 268, M [n,+ ¥, cOS(T +6) + Z_sin(y +6)]

— 26‘65 M, + Ycosiy +8; + Z, siniF+ 8}

,-‘,J MY, + ¢ Zosiny +6: — (M,Z,—{,Y,icos(T + 8))
|# Mgiln, Y, +L,2Zp)Sin(y + 8) — (M Z,~ (V) cos(T + 6)]

PP NS

£6

ML+ 83+ (Y, 44,2,
B+ MplnZ + 2+, +¢,2,
+ [ +1,]

+ B {maln + €21 + Myl ]

+ Hi-ML) =

(811, — ¢,6 — Wy[n,cos(7+6

[ELF + 2EL2cos{T + 8
+ 2§ Keg
—[eLr +2

I

[ [1ELI+2EL2 cos(y +6)
+2{«k
i — [ELI + 2EL2c05 T ~

=
+ $60] + bn,[~2M,

_F { MY, +.
+Mgl(n, Y, +

MY, sin(y+6)—2Z cos(y +6) —¢,) + 0 (=M 8) + MM, =

EQUATION 9!

RID— Bl = (RIS + IS, + FIST:(4,) — BF — WSin( + 0+ @) + 246Mm, + 6°M,



2

!

3

_[1+ 8)+ 2(11‘2, —¢ Y siniy + 6)]
k7+01+ 2002, ~ ¢ ¥ )sin(7+6)]

i
+6) + (n‘zr-ﬁ‘YT)s{n(T + 6)]

+6) + M2, ~ R YIsin(y + 6))

.

: cosly + a)]} =
é

+ @)~ (,sin(y+ 6 +¢))

+O+P)—{ sin(y+6+¢)]
€
el (& — Potatic !

2y — LY cos(y +6))
Lz~ {,Y;) costy + 6))

:,sm(7 + 8)]
$ + 7, sin(y +6))

Ny +6) — m,Z,— (.Y )cos(y + 8]
7 + 0 — (M2, — ¢, Y cos(T + §))

EQUATION 90

M+ 82+ MY, +8,2,)C0S(T + 8 + (N Z, — LY, ) sin(Y +6))

B+ MplnZ + 02 + (Y, +¢,Z 2c0S( + 6)+ (M Z, — (Y, )sin (T + 6))
+ 01, +1,]
+ & {M,[nf+ $E1 + M+ 2]+ (I, +I,]}
+ '71"[~MA(‘] bale
[Bi1)]¢, = ¢ — W,[ncos(7+ 8 + @) —¢,Sinty + 6+ ¢)]
—_ u;[nscosn' 10+ @) — (SN + 0+ D))
r . 172
| [ELt + PEL2coS(, +8) — 2EL.3SIn(T +6))
12 —Fp

L ~EL1 +2EL2] ]

EL2sin(y +6) + EL3cos(y +6)
[ELI+2EL2cos(T +8) — 2EL3sin(y +8))""°

2{i

— [ELI + 2EL2cos T — 2EL3siny)? — »
EL2sin(y+6) + EL3cos(y+6)
(ELI+2EL2cos (7 + 8) — 2EL3sin(y + &))"

[ELI+2EL2 costy +6) - 2EL3sin(y + 83)"°
K + A

+ $6l0] + én-2mm,) + npl-2mn,

532{ ML ¥, + ¢, Z isinty +6i — (3,2, — c)‘,:cosq-.hm}’}

+M (Y, + {2050y +6) — (M Z, —{, Y Jcos iy + 8]

S{-MC] + M =

B TR RIS

EQuATiION 9!

3 - , WY . *2 . -
Bit)— [ IS + WIS, | +FISgn(n,) ~ BF ~ wsin(y + 8+ S+ 296M, + qu‘n‘ + ¢ Mn + rcosiy+ 6+ 2 sin(y +8)]

e, YA e g . e s e e e e
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i Note that the breech force [B(t)] is the only forcing function
included ir. Equations 89 and 30. However, the following fuancticns
are included in Equatiorn 91:

1. R(tr) - Force due to recoil mechanism

2, - [f1 + fz + FG) sen %) - Force due to guide friction

3. BT - Force due to forward buffer

These must be defined directly or in terms of the motions
which produce the forces.

Previously, the force due to the recoil mechanism [R(t)] has
been defined (2quatio. 19) in terms of the oil pressures Py, Py
and P, (Figure 2). A comparison of tho varciables N and x leads
3 o the following definitions

{92} x= 0, =n

E - (93) x ==

(95) % --'rTA

These relatlons can be used to solve the equations (Table I) of
fluid flow in the recoil mechanism simultanecusly with the equations
Equacions &3, 90, and 91) defining carriage response to firing loads.

In a2 similar manner, the effect of the forward buffer (required
in caze of a misfire) can be included. The neczssary equaticns
are derived {n the Appendix.

I either Equation 17.2 or Equation 21, the guide friction
was assumed to be constart and denoted by the term F,. To be more
accurate, this force 13 dependeat on the reactions (31 zad §p)
applied at the guide bearing points (Figure 12). That is, for
the carriage response model, guide friction ig

(£, + £, + F) agn (D)= - [u S]] + u,ls,] + F.l aem FIA

The ceactions S1 and 52 are determined in the following sectiocn.




s

EVALUATION OF DYNAMIC REACTIONS

Tin reality, this is & continuation of the carriage response model.
; In fact, the clip reactions (S; and Sy) wust be determined to solve
‘ Equations %9, 90 and 91. These are evaluated as follows:

From Equation §7

§1 + 53 = Wy cos (y + 8 + ¢) -l-MA.Q'C

or, substituting for 'Q‘C

Sl+Sz-WAcos (v + 6 + ¢)

LIy

.-r
+MA[¢ ,Y,r cos (v + 8) +ZT sin (y + 8) +nA]

#0800 =236y +28h +2 a‘zA%

From Equation 88

- - - . . ’
S; (a) - 52 (b - a) = B(t) [cl - cA] 3F (g, [’5)

L S s it e .

. TR
I (8 + ¢)
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95)  BAIL = - [u |8, [(g, = o)) + 1,08 ,1(z, = ap) + (g, = ag Fgl sen (ny

(96) XYzl = B(t) [:1 -¢,] = BF (g, - z5)

A
+ R(t) [cA -r.zl -1, (8 + ¢)

(¢ [, cos (v +0) +2Z sin (y+e)+n,]

- + - 1] + * 9
(97) XYZ = M, enA 2$ecA 26n

. ) '2
- + + 86 +
A+ ZnA¢ 8% ¢, W, cos (y +8 + 9¢)

«2 o
- - + + +
¢“ (¢ YT sin (y 8) 4y cos & 8)1]
Thern,
< L =
91 52 XYz

sl(Z) - s, (F - 3) = XYZ1 + RAIL

Solving simultaneously,

XYZ (3a) - XYzl - RAIL
(98) s, = =
2 b

99) S1 = XYZ - S

These may be solved for S, and Sy by a simple iterative scheme after
assiuming starting values and continuing until the sclution converges.
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The force in the two equilibrators has been defined &% (page 55)

(76) FEQ , .= 2[PEQ - KEQ (LEL . - LEL))]

and the force in the two elevation struts is given by (See Figure 15)

mY+e'2[(A - r)K+PB]

or

= LEL - - +
(100) FELY +8 2[( y LELy - r) K Ps]

+ 8

where (page 53)

(75) LELY b [ELl 4 2EL2 cos (Y + 8) - 2EL3 ain (Y + 9)]:"/2

In evaluating the trunnion reactions, the components of acceleration
for the mass HB are:

in the n direction,

LR ] - * + e
Rn BB cos (y + ¢ ¢)+C!’. sin (v + 68 + ¢)

and in the ¢ direction,

*e

RC -—.B.Bain (Y+9+¢)+.C.Bcos (Y+ 8+ &
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Subastituting for 'B'B and '(53 and simplifying allows writing these components
in the following form

e ” - .ﬂ
|
!
1
|
|

B == %[5~ Ypsin (Y +0) + 25 cos (Y+ )] - 85y - 2800y

. .2 e
: 4= ¢ [ng + Ypcos (Y+8) +2psin (Y+8)] =6 1y

and

R, = ¢ [ng+ Ypcos (v+9) +2psin (v + 8] + 6ny = 246y

[33 - Y sin (Y + 8) + Zp cos (Y+l3)]-é2 %

]
e
[\ ]

Then, from the free body diagram of the cradle [Figure 12(b)]

ZFn'HB‘B'n = Ty - FEQ, 4 5 cos T = R(t) + BF

+1-‘Elw+ecos T -wnsin(Y+B+¢)

+ [£, + ¢

1 2 VEGT

and i

Ip, = MgR, = Ty + FEQ, 4 ¢ 81 T = §; = Sy

-FELY+esinT - Wy cos (v + 9 +9)

i
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where (Figure 12)

NOTE:

(101)

102)

And

I'tdl'l—

Z
1 1 51. + (y +8)

The angle t will be in the first or second quadrant

1 Z,r-i-nELsin (Y+a)+;ncos (y +8) -2

- EL
T = tan — —yt (Y + 0)
Yo =~ Yp = N cos (Y +6) +z sin (y +8)

TH--HB[d’ [;B-YTsm (y+a)+ZT cos (y+6)]+063+2¢9“3
+7¢2 [n, + Y cos (y +9) + 2, sin ( +8)]+52n
B T T Y B

+ FEQ

y 49 S8 TF R(t) - [ullsl}*- uy|S, |+ F 1 sgn (ﬁA)

-BF-FELY+ecosr+HBain (y + 8 + 3)

103) T, =M [".["n + Yo cos (v +6) + 2y sin (v + 0)] + ¥ny - 298¢,

- -2 - - 02
¢ kn ’x’,r sin (y + 8) + Z,r cos {y + 8)] 8 CB]

y + 8 1 2

-~ PEQ sin t +S_ + 8§ +Pn_y sin 1t + W, coa (y + 8 + ¢)

+ 8 B
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The free body diagram of tha mass 12 shown ia Figure 16. Since this
mass 13 also assumed to simply rotate around point O, the constants,

z
(104) E-.-ltan‘l 2
¥
D
and
1/2
2 2
10 c
(105) RD [YD + ZD]

may be used in evaluating the reactions at the support points. As
defined on Page 5Q, the total spring deflection 18 given by

= A, + A4

A
¢ Ge cstatic
Then , since
AG@ = - Lg
and
P
AG - .Static
static ‘G
P
- gtatie
(106) °scatic KG L
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vhere Pgparic B8y be evaluated as (Psge 50)

. . BA + WA + BB WB + nD wD
“gtatic L

Therefore,

AG -1l G- ¢etatic)
The reaction at the effective spring is given by
vspring = KG AG

(107) ==K L & = bgpaege)

Vspring
From the free body diagram of the Hass My (Figure 16)
LF, = M, (Bypl sin (B+9) =

T, cos (Y + 8+ ¢) - Ty sin (y + 8 + &)

+ FELY + g ©98 (1t - v~ 8-~14)

]

- FEQY + cos (t-y=-8=29) -1

PRV TSV NPy

e .

weabiie,

g ¢ et

L sET IS S s kT




=zl

————s o
e de

AR

IFe = M, [R5$] cos (B+ ¢) = i

+ FEL sin -y =8 =29)
Vspring FE Y+ 8 (r Y ®

-f sin(y+ a+¢) ~T, cos (y+ 08+ ¢)

H v

- FEQY P sin (v = y =~ 6 = ¢)

R e Amadall

- + :
wD vpivol: ,'
!
Therefore,
= + 8+ + o8 + 0+
(108) vpivot T,ein (y+t o+ ) +T ¢ (v )
- FELY + ¢ 810 (t -y =8-=24)
+ FEQY+ esin (t=-vy=-8-=29) *"D-vspring

+ [M) B cos (B + ¢)] )
(109) H=Tycos (y+o+¢)=-T, sin(y+o+ $)

+FE‘LY+8cos (t-yvy=-8-29)

- FEQ coa(r-Y-e'O)"[HD%Bin(B'*é)].O'

Y+ 68
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EVALUATION OF STATIC REACTIONS

Under static conditicns, the forces B(t), BF, £, and £, shown
in Figure l2a will de assumed equal to zerc. Thea, ;

| IF, = 0 = R(t) = W, sin (Y)

| . A
R(t) = WA sin (Y)

; XFE =0 =8 +8;~W, cos (¥)
S, + S, = W, cos (V)

tu

Yaass Center- 0 = 51 (a) - Sy & - 2) - ®R{) {5, = 35]

S; (@ - S, (b-3) =W, [6, -] sin ¥ B

Solving simultaneously

W, [(a) cos v - (¢, = &) sin v]

110y s =
2 5

(11ll) Sl - WA cog Y = 32

The force in both equilibrators is determined in the manner described in
developing the basic model. Therefore,

sl et

(112) FEQ = 2 [PEQ - KEQ (LELY - LBLL)]
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Te define the static load in the clevating mechaniam (which was considered
approximately zerv when developlng Models A and B), an examination of
Figures 11 and 12 showsa that, for the tipping parts (HA and HB)

M =0 =W n - i Y
Z T " ( AQ cos Y CA s1n )
- n Y - i 4
WB ( B cos CB sin )
- T - T n
FEQ.{ cos [CEL] FEQY sin ( ]

EL

T T
+ FELY sin [HEL] + FELY cos [c_.]

EL !
1 Under static conditions,® and ¢ are cqual to zero. Therefore, .f
i
+ + Y -
(113) = canl T ELSIN TV Ep cos T o By
Y., - Y.~ N_cos Y+ 4, sinY

) EL T EL EL
and the load in the elevating strut is given by

FEQY (nEL sin 1T + Cgp, CcoS T) - WA ( Nac CO8 Y = s sin vy)

- Wy (ng 08 y =55 817 y)

{(0i4) FEL = =
n T T
Y EL 8in + SEL cos

76
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In a cimilar manner, the following «quations allow for determination
of the trunnion veaactions.

.F = T, - FEQ cos T <+ FEL cos T
n Y Y
- WAsiny—wB sin vy

cF a T _+ FE sin 1 - FEL gin t
4 v QY Y

- W _cos y ~-W

A g GOS8 Y

Therefora,

25 = (F - ;
(125) TH ():'F.QV FELy) cos T + (W‘ + WB) sin v
(116) 'l'v = (WA + WB) cos Y + (FELY - FEQY) sin T

Finally, froam Figure 11

EMU =0 = vspring L - wA [‘lT +nA0 cos Y = G, sin v]
- WB [YT+ ng €08 Y - g sin v]
- Wy [¥p]

IF, = 0 =H

Iy =0 =V oot = ¥a~ "8~ "5 % Vepring
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Therefore, under static conditions

(117) H =23

wA[YT + Nyo €08 Y = &, sin vyl + HB[YT +ng cos v = gy sin v}
+ WD YD
(118) vspring = L
1 = -
(119) vpivot wA + wB + wD Vspring

When the recciling mass returns to the latch poaition at tha end
oi any firing cycle or when it reaches the limit of forward
rravel in the case of a misfire, additinual relative motlon between
the masses M, and is prevented by mechanical stops. Consequently,
the preceding system of equations must be modified by eliminating
Equation 91 cowmpletely and holding the walue of a, (and x)
constant from this time on. At the same time, in é‘he remaining
equations,

nA=0
nA=O

sgn (ﬁA) = 0
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SYMBOL TABLE

While symbols and subscripts have been defined (formally and/or
pictorially) as they were introduced, the following list 1s included

as a convenient reference.

Model complexity, number of models,

and use of stai:dard notation has resulted in some symbol duplication.

This table may aid in resolving questions resulting from such duplecation,

all models, the basic unite are:

A(r)

3

a3

A% f
8qaf

ineckes
pounds
seconds
radians

Subscript showing relation to mass M,

Area at pressure Pl

Area of spear buffer - pressurs P,

Area at pressure P3

Effective area of floating piston (cil side)
Effective area of floating piston (gas side)
Area of each recoil rod

Effective area of each front buffer piston

Summation of forces causing positive
accelerations

Orifice area between pressures P1 and P2

Orifice area between prassures Pz and P3

Orifice area through velocity sensor,

Effective aveu between pressures P3 and P4

Value of a3 before firing

Value of a, after firing

Flow area through spear buffer check valve

e
@
B

Fig.
Fig.
Fig.
Fig.

Fig.

Pig.

Fig.

Fig.

Pig,

2&5

TR et fom o




aleak

a(x)

o)

]

BF

B{t)

of

e e 30

Flow area due to clearance between
gpear buffer and piston Lead

Variable orifice area dependent on position
of spear buffer

Orifice area for front buffer

Locates centroid of area under B(t)
Distance from rear clip reacticn to mass
center of recoiling parts

Subscript showing relation to mass My
Measurement parallel to 0 - B axis
Retarding force of front buffer
Breech force

Distance between front and rear

clip reactions

Measurement parallel to 0 - C axis
Damping coefficient related to ¢
Damping coefficinet related to O

Discharge coefficient for orifice a,

Subscript showing relation to mass )lD

Summation of forces causing negative
acceleration

Value of D(t) at t = 0
Value of D(t) at t = CR
Constant level for D(t) during recoil

Maximum value of D{t) during counterrecoil
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Fig.

Fig.

Fig.

Figs. 8 & 9

Fig.

Fig.

Fig.

Fig.

Pig.

Fig.
Fig.
Fig.

Fig.

5

5

A-1

12 (a)

11

12 (a)

11

10
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EQ Subscript relating variable to equilibrator
EL Subscript relating variable tc elevating struts
g F¢ Generalized force (torque) causing rotation ¢
| Fg Generalized force (torque) causing rotation 8
FEL Force on elevating struts Fig. 12
FEQ Force on equilibrators Fig. 12
NOTE: Elevating strut and equilibrator
are considered to be separate but parallel
units
L Ffp Packing friction for floating piston Fig. 2
Fp Packing friction for recoil piston Fig. 2
. ¥, That portion of guide friction which is Fig. 2 .
independent of clip reactioms _3
1 f1 Guide friction due to clip reaction Sy Fig. 12
f2 Guide friction due to clip reaction S2 Fig. 12 j
G Subscript relating variable to ground spring
or recoil guides
o} Acceleration due to gravity {
g(vi) Pressure drop across 'i'th orifice Eq. 1 .j
i
i
H step function Eq. 20 . gi
H Horizontal reaction at ground pivot Fig. 11 ;
i Constant related to elevating strut load Plg. 15 i
tl
i
i

i
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1 Impulse - Area under B(t)
IA Mass moment of inertia for HA
IB Mass moment of inertia for HB

Mass moment of inertia for MD

: - I.D. Duration of ignition delay

i K Spring rate for elevating struts Fig. 15
K Spring rate for equilibrator Fig. 13
KEQ Spring rate of each front buffer return spring Fig, A-1
KG Effective spring rate of ground spring Fig. 11
k Gas constant - Ratio of specific heats

for gas at pressure Py

L 'Y' coordinate of ground spring
r I.l-':J..0 Length of elevating struts at elevation = 0° .
LEL Length of elevating struts at initial
Y elevation (y) 1
LELY + 5 Length of elevating struts at rotation ©
HR Mass of recoiling parts without floating Fig. 2 E
piston {
|
MP Mass of floating piston Pig., 2 .;
{
i Heff Effective mass of receiling parts Eq. 27 .
i
E “A Mass of rectiling parts used in three~degree- Fig., 11, 12 !
of~freedonm model 4
‘ HB Mass of elevating (but non-recoiling) portion PFigs 1l & 12 i
] of the weapon "
}
HD Mass of non-elevating »ortion of the weapon Fig., 11 & 16 ‘
¥
L
|
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N Number of recoil cylinders

0 Ground pivot - Origin of O -~ BC and 0 - YZ Fig. 11
coordinatn systems

Pl 011 pressure in recoil cylinder - spear buffer g, 2

chamber '

I’2 0il pressure in recoil rod Mg. 2

P3 011 pressure in recoil cylinder Fig. 2

Pa 0il pressure in recuperator Fig. 2

PN Gas pressure in recuperator Fig., 2
] Po Initial gas pressure in recuperator Pig. 2
= PB 0il presauve in front buffer Flg. A=l
3 PEQ Preload in equilibrator spring (i.e. - at v = (%)

Kol Vector locating mass center of recoiling parts 3
| ]
: §:] Vector locating mass center of elevating (but -
3 non-recoiling) parts

R Rod pull - Force on recoil rod

Ry Distance from ground pivot O to mass center of
non~elevating parts

r Constant relating tn elevating strut load Fig. 15

Sl Normal reaction at rear support of recoiling parts Fig. 12 ’1
]

52 Norwal reaction at front support of recolling parts Fig, 12

sgn(u) Algebraic sign of the variable u

s’ Preload in each front buffer retum spring | 4
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N ,'a
ot

e

A et

T Elevation trunnion =~ origin of T - n ¢ Fig. 11 é
coordinate system i
T Kinetic energy
? T Duration of counterrecoil contivol function Fig. 10
TH Trunnion reaction - Il to T - n  axis Fig. 12
Ty Trunnion reaction - || to T - ;  axis Fig, 12 ‘
t Time variable £
}
tr Time of recoil !
3
te Time of firing v
i
v Potential energy :
- vpivot Vertical reactiom at pivot point 0 Pig, 11 i
- vspring Vertical reaction at ground spring Fig. 11
VN Recuperator gas volume for displacement 'x'
Vo Initial recuperator gas volume (x = 0)
s vy Fluid velocity through 'i'th orifice
WR Weight of reciling parts (without floating
piston)
wp Weight of floating piston
prf Effective weight of recoiling parts Eq. 28 E
W Weight of recoiling parts for three~degree-
A
of-freedom model |
UB Weight of elevating (but non-recoiling)
portion of weapon |
WD Weight of non-elevating parts
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%,%, % Displacement, velocity and acceleration of Pig. 2
recolling parts
x Recoil displacement for which spear .
e buffer becomes effective 3
x, Recoil displacement at which spear buffer

check valve ceases to be effective

x Recoil displacement at which counterrecoil
contrel by the spear buffer begins 3

\
L Recocil displacement at which fromt buffer ]

is actuated ;

iur Constant counterrecoil velocity governed

‘ by flow th .

y flow through a3af H

if Firing velocity ;
X, Recoil displacemsent at which terminal '

— counterrecoil velocity is reached i
3 J':T Terminal counterrecoll veloclity :
i
Y Measurement parallel to 0 - Y axis Fig, 11 .
v.5.y Displacement, velocity and scceleration of Ftg. 2

floating piaton 4

Z Measurement parallel to 0 - 2 axis Fig, 11 1
a ¢ coordinate of f, Fig. 12 ' J
g ¢ coordinate of f, Pig. 12 ‘j
= Angle locating mass center of non-elevating Pig, 16 %
parts .

Y Initial angle of elevation Pig, 11 '
A Deflection of ring springs in elevating struts RMg, 15 I
N

|

86 '13
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ﬁr Specified rise and fall times for D(t) Fig.

(4 Measurement parallel to T - § axis Pig. 11 .
1

n Measuremen: parallel to T ~ n axis Fig. 11 1

n.,h. ,n. Defines position, velocity, and accelerstion Fig, 12
of mass M, with respect to the elevation

trunnion A
a0 Initial value of "a
e,é:' Defines relative rotation, velocity Fig. 11

and ascceleration between HB and HD around the
elevation trunnion

N e e .
g

e

u Coefficient of friction 4
a o Density of recoil oil N
é T Angle between elevation atrut and the Pig., 12 _é
L T - n axis }
l ‘
r $,0,0 Defines rotation, velocity and acceleration Fig., 11 -
& of mass around an axis of rotation fixed :

in the ground at point Q
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APPENDIX
MATHEMATICAL MODEL OF FRONT BUFFER
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In case of a misfire or accidental tripping of the latch
mechanism, the recoiling parts will be driven to their forward
1imit of travel. Consequently, a hydraulic buffer is
incorporated in the design to bring the moving mass to rest and
protect the weapon againast impact loading. Since fluid flow
from the recuperator is restricted after the velocity sensor has
functioned, the front buffer design will be based on the
maximum expected firing velocity. This mechanism is shown
schematically in Figure A-l.

To limit the initial impact loading which oceurs as the recoiling
mass (Mp) hits the buffer pistons (M), a spring assembly
(rate = Kl) was added to the recoiling parts. The spring rate
was chosen so that the velocities of MR and Mp are approximately
equal when the spring deflection becomes equal toa .
After this time, the resisting force of the front buffer is
defined by:

BF = 2AgPp - 2 K3(x = x3) + 28
where

Preload in each buffer spring

w
L}

~
| ]

Spring rate of buffer spring

Recoil displacement for actuation of front buffer

»
o
]

Effective area of each buffer piston

Pd
»

o
1

Buffer oil presasure,

Now, the pressure drop across the orifice ay 1is given by
v 2
o B
ap = 2 E;T sgn  (vp)
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T

Ay % = = agy
2 2
AP--%ﬁzx sgn (x)
a ‘
Therefore,
2 2
BF-ZAB {— %] ﬁz X sgn (%) -2K3(x-x.a)+ZSl
ay
3 2
BF = - gg. -:l% X sgm (B - 2K, (x-xp +28°

NOTE: BF is effective only if X <0 and x < xp with x; < 0

For a more complete description of a design procedure for this
mechanism, see Reference 8, pages 97 - 117,
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